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Executive Summary 

Mechanically stabilized earth (MSE) reinforcements composed usually of 

galvanized steel are embedded in soils varying in corrosion susceptibility depending 

primarily on the concentration of chloride and sulfate ions within the pores of the soil or 

even the water collected in the backfill.  Though the galvanized steel is predicted to 

corrode over several decades because of the low chloride and sulfate contents (e.g., < 

400 mg/kg), the objective of this study was to relate the corrosion rate of galvanized 

steel with resistivity of chloride and sulfate solutions, as well as with and without its 

aeration.  Linear Polarization Resistance (LPR) and Tafel slopes were used to 

determine corrosion rate of galvanized steel immersed in KCl (i.e., 0.1 mM to 0.1 M) 

solutions and sometimes having 0.1 mM K2SO4 content.   Three techniques were used 

to calculate the corrosion rate – one with the Tafel slopes within 130 mV range of the 

Ecorr (denoted as Tafel), the second method combined with Tafel slopes determined 

within 130 mV of Ecorr and LPR (labeled as LPR CR) and the third method used the 

Tafel slopes within 110 mV range from Ecorr combined with LPR (labeled as LPR CR 

selected).  The three techniques determined consistent corrosion rates of galvanized 

steel with resistivity though the potential range selected of the Tafel slope seems to 

affect slightly the corrosion rate calculated. 

In addition, the atmospheric condition of the solution does affect slightly the 

corrosion rate of the galvanized steel for stagnant, stirred and N2 injected solutions.  If 

one considers the stagnant solution as a baseline, the drawing of air into the solution 

will increase its dissolved oxygen affecting Zn oxidation, or the anodic reaction, and 

decreases the mass transfer of oxygen enabling the dissolved oxygen in the solution to 

increase slightly for the cathodic reaction.  Although the differential among the corrosion 

rates caused by the dissolved oxygen may establish macrocells along the length of the 

galvanized steel, the effect of macrocells on the overall corrosion needs further study to 

establish their relative contribution to the overall degradation.
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Introduction 

Mechanically stabilized earth (MSE) wall structures are composed primarily of 

backfill materials and reinforcement consisting usually of galvanized steel strips.  

Though the estimated lifespan of galvanized steel in MSE walls may range from 

seventy-five to one-hundred years as reported by Elias et al. (2000) the galvanized steel 

degradation will depend on the soil chemistry, especially its chloride, sulfate and 

carbonate ion content within the MSE backfill.  The fines are known to contain more 

sulfate and chloride contents that can be found at the bottom of an MSE structure 

causing the bottom strips of the wall to corrode sooner.  The soil resistivity resulting 

from the moisture content is used as one of the parameters to characterize the soil 

chemistry prior to installing the MSE structure and during its lifespan.   

Although soil resistivity usually is easily determined to assess the potential for 

corrosion of the galvanized steel, the resistivity must be correlated rigorously with the 

corrosion rate of galvanized steel embedded in soils or even immersed in chloride-

sulfate solutions.  In some corrosion studies, the galvanized steel is exposed to 

concentrated solutions with little linkage to the effect of diluted solutions containing 

aggressive anions (e.g., chloride and sulfate ions) on the corrosion rate.  Since the 

galvanized steel used in the reinforcement of MSE walls are exposed to low chloride 

and sulfate contents (e.g., < 400 mg/kg) or less (i.e., for TX Department of 

Transportation limits, 𝐶𝑙−≤ 100 mg/kg or 𝑆𝑂4
2−≤ 200 mg/kg) as reported by Borrok, 

Bronson and Nazarian (2013), studies of the corrosion rate of galvanized steel in diluted 

solutions are needed. 

Gladstone et al. (1975) evaluated the loss rates for galvanized steel of MSE walls 

from 4 to 20 years and determined that the Zn corrosion rate was 15 μm per year for the 

first year with subsequent years decreasing to 2 μm per year.  Galvanized steel 

corrodes in three stages -- Zn layer degrades first followed with Zn dissolution coupled 

to the surrounding Fe surface and finally the corrosion of the Fe.  The stages were 

determined from a study of corrosion of galvanized steel immersed in chloride and 

sulfate aqueous solutions, as reported by El-Mahdy et al. (2000) and Yadav et al. 

(2004).  Sagues et al. (2000) also reported on the contribution of localized corrosion and 



2 
 

the effects of electrochemical macrocells developed from differing soil characteristics 

near and away from the MSE wall.  

Problem Statement  

Mechanically stabilized earth (MSE) reinforcements composed primarily of 

galvanized steel are embedded in soils varying in corrosion susceptibility depending on 

the concentration of chloride and sulfate ions, which appear to segregate toward fines 

rather than coarse soils.  The fines absorb more moisture than coarse soils and as a 

consequence, the chloride ion content in fines usually increases more than in coarse 

soils during water drainage.  Irrespective of the location, the same corrosion formulae 

are used to estimate the corrosion of metallic reinforcement from the arid mountains of 

New Mexico to coastal regions of Louisiana.  Given the vast environmental conditions of 

these regions, it is prudent to consider the impact of the available chloride and sulfate 

ion content within the collected water on the estimation of the corrosion rate of MSE 

reinforcements. 

Objective  

The objective of the present study was to relate the corrosion rate of the 

galvanized steel used for MSE reinforcement to the resistivity of chloride and sulfate 

mixture linked to its molarity.  In this project, a chloride and sulfate mixture will be 

exposed to the galvanized strip, instead of soil, to manipulate the solution’s molarity 

content.  Though laboratory measurements were acquired at an accelerated pace, the 

corrosion rates would give an indication of the stages of dissolution of the galvanized 

steel. 

Research Methodology and Scope of Work  

A quick and common technique for measuring the corrosion rate of metals is the 

linear polarization resistance (LPR), as reported by Oldham and Mansfeld (1973).  

Although they prefer to refer to the LPR as the polarization resistance, this technique 

perturbs the surface of the galvanized steel with a potential of ±10 mV causing a current 

flow.  The subsequent potential-current slope defines a polarization resistance (Rp), i.e., 
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ΔE/Δi=Rp, which is inversely proportional to the corrosion rate.  The polarization 

resistance is supplemented with the Tafel slopes.  The anodic and cathodic slopes (𝛽𝑎 

and 𝛽𝑐, respectively) are acquired from the anodic and cathodic sides of the Tafel plot, 

as discussed by Jones (1992) and shown in Figure 1. 

 
Figure - 1 Tafel plot characteristics: Bottom curve is the cathodic side and top curve is 

the anodic side 

The polarization resistance is used to obtain corrosion rate of the galvanized steel with 

the Stern-Geary equation (1) below: 

𝑅𝑝 =  
∆𝐸

∆𝑖
=

𝛽𝑎𝛽𝑐

2.3𝑖𝑐𝑜𝑟𝑟(𝛽𝑎+𝛽𝑐)
 (eq.1) 

The corrosion rate (CR) was calculated by using the current density.  The current 

density is obtained from LPR or Tafel, and plugging it in to Faraday’s Law reported by 

Fishman and Withiam (2011) as shown in the equation (2): 

𝐶𝑅 (
𝜇𝑚

𝑦𝑟
) = (3.27 × 106) ×

𝑖𝑐𝑜𝑟𝑟×𝑊

𝜌×𝑛
 (eq.2) 

To calculate the corrosion rate using Faraday’s Law, the atomic weight of zinc (W) with 

65.4 grams per mole, the density (ρ) of zinc with 7.14 g/cm3, and the number of valance 

electrons (n) with 2 for zinc. 
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The corrosion apparatus consisted primarily of an electrochemical cell and an 

electrochemical potentiostat (Gamry 600 Instruments).  The components of the cell 

included a cross section of galvanized steel as the working electrode (WE), titanium (Ti) 

rod as the counter electrode (CE), and Cu/CuSO4 reference-electrode (RE), as shown 

in Figure 2.  All electrodes were submerged into solutions prepared from reagent grade 

K2SO4 and KCl crystals with deionized water.  The electrolyte contained a mixture of 

potassium sulfate (K2SO4) with a molarity of one millimolar and potassium chloride (KCl) 

with a molarity ranging from one millimolar to 0.1 molar.  The reference electrode is 

separated from the mixture by a glass frit with a porosity of 4-8 microns.  The reference 

electrode chamber, or intermediate chamber, contains 1 millimolar (mM) K2SO4 to 

minimize the poisoning of the RE by the chloride solution.  

 
Figure 2 - Corrosion cell consists of a K2SO4 solution poured inside the reference 

electrode chamber containing the counter electrode and reference electrode separated 
by glass frit from the electrolytic solution 
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Solutions of KCl and K2SO4 were prepared by decreasing the molarity of KCl 

from 1 M to 1mM with a constant 1 mM K2SO4 content.  Electrodes were placed within 

the corrosion cell for ten minutes prior to initiating the electrochemical measurements.  

Linear polarization resistance and Tafel tests were performed at least three times for 

each molarity.  For a set of experiments, nitrogen was bubbled into solutions through a 

glass frit, as shown in Figure 2.  Again, nitrogen is injected into the solutions during the 

soaking time of ten minutes and continued throughout the electrochemical 

measurements.  The last step is running the same test procedure by aerating the 

mixture.  The mixture is poured to an opened beaker and placed into a magnetic stirrer.  

A magnetic bar is placed inside the beaker and the speed of the stirrer is adjusted.  The 

solution is stirred for 30 minutes drawing the surrounding air atmosphere.  Before 

running the tests, the solution is held inside the corrosion cell and in contact with the 

galvanized steel for ten minutes. 

After the Tafel test, the conductivity of the solution was measured with a COM-

100 HM Digital EC TDS & Temperature Waterproof Meter device.  The reciprocal of 

conductivity converts to the resistivity of the solution, for which the latter is correlated 

with KCl content and corrosion rate. 

Results and Discussion  

The electrochemical measurements acquired the linear polarization resistance 

and Tafel slopes, which were used to determine the corrosion rate of galvanized steel in 

chloride and chloride-sulfate solutions.  In the following sections, the results of the 

polarization resistance are summarized first followed by the polarization scans used to 

determine the Tafel slopes.  Both techniques were used to determine the corrosion rate, 

as described in the subsequent paragraphs. 

Acquisition of Linear Polarization Resistance 

For all measurements of linear polarization resistance, four trials were acquired 

as exemplified for the 0.1 mM K2SO4 – 1 mM KCl solution shown in Figure 3.  With a 

constant 0.1 mM K2SO4 content, the molarity of potassium chloride was varied -- 0.0001 
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M, 0.001 M, 0.01 M, 0.1 M KCl content – resulting in a similar slope which is related to 

the polarization resistance (Eq. 1), as shown in Figure 3.  The steeper the slope, the 

greater the polarization resistance, and inversely related to the corrosion rate.  The 

effect of a stagnant, stirred and N2 injected solution on the LPR measurement for a 0.1 

mM KCl solution is shown in Figure 4.  For the unstirred solution, stirred solution and N2 

injection into solution, the effect of the KCl content on the LPR data are shown in 

Figures 5-7.  The nitrogen injection increased the slope and narrowed the range of 

current density (Figure 7). 

 

Figure 3 - Four trials of LPR measurements for a 0.1 mM K2SO4 - 1 mM KCl Solution 
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Figure 4 - LPR Plots for 0.1 mM K2SO4 - 0.1 mM KCl for a stagnant, stirred and N2 
injected 

 

Figure 5. - The effect of KCl content additions on the LPR measurement in a stagnant 
0.1 mM K2SO4 stagnant solution 

.

 

Figure 6. - The effect of KCl content on the LPR measurement in a stirred 0.1 mM 
K2SO4 solution 
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Figure 7 - The effect of KCl solution on the LPR measurement in a 0.1 mM K2SO4 solution 
injected with N2 

 

 

Figure 8 - Comparison of stagnant, stirred and N2 injected solutions for KCl- 0.1 mM 
K2SO4 solutions 
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For comparison purposes, every molarity and atmosphere tested are shown in Figure 8. 

The flattest slope of the LPR plot is 0.1 M KCl solution mixed with air, which was drawn 

into the solution by simply stirring it. This is easy to spot by how the points are spread 

away from one another.  

Acquisition of Tafel Data 

Four trials of Tafel plots for a mixture of 1 mM KCl and 1 mM K2SO4 were 

acquired as shown in Figure 9.  The same procedure was done for each molarity under 

stagnant, stirred and N2 injected 0.1 M KCl solutions.  Also, Tafel slopes were acquired 

within a 130 mV range from the corrosion potential (Ecorr) represented by the cusp of the 

curves rendered by the anodic and cathodic sides of the potential-current scan (or 

polarization scan), as shown in Figure 9. 

 

Figure 9. - Four trials of a Tafel plot 0.1 mM K2SO4 - 0. 1 mM KCl for a stirred condition 

 

The anodic and cathodic slopes intersect at the corrosion current which is directly 

related to the corrosion rate.  Hence, the movement or shifting of the polarization scan 

to change the current or current density sufficiently affects the corrosion rate, as evident 

in Figure 10.  The mixing of air and N2 by having solutions under stagnant, stirred and 

N2 injection suggests a decreasing corrosion rate.  The nitrogen injection to the solution 

irrespective of the KCl content shifts the polarizing scans to the left or to decreasing 

current.  If one considers the stagnant solution as a baseline, the drawing of air into the 

solution will have more dissolved oxygen affecting Zn oxidation, or the anodic reaction, 
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and decreases the mass transfer of oxygen enabling the dissolved oxygen in the 

solution to increase slightly for the cathodic reaction.   

The polarization scans shift to the right, or the corrosion current increases, with 

increasing KCl molarity, as shown in Figures 11-13.  In addition, the scans decrease 

slightly as exemplified by the corrosion potential decreasing with increasing chloride 

content.  The same trend of the polarizing scans for 0.1 mM K2SO4 shifting with the 

atmosphere for KCl contents ranging from 0.1 mM to 0.1 M KCl is shown in Figure 14. 

 

Figure 10 - Four trials of a Tafel plot 0.1 mM K2SO4 - 0. 1 mM KCl for a stirred condition 
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Figure 11 - Tafel plots comparison of changing atmosphere by having a stagnant, 
stirred and N2 injected 0.1 mM K2SO4 - 0.1 mM KCl solution 

 

Figure 12. - The effect of KCl solution on the Tafel plot in a stagnant 0.1 mM K2SO4 
solution 
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Figure 13 - The effect of KCl solution on the Tafel plot in a 0.1 mM K2SO4 solution injected 
with N2 

 

Figure 14 - Comparison of stagnant, stirred and N2 injected solutions for KCl- 0.1 mM 
K2SO4 solutions 

Analysis Relating Resistivity to Corrosion Rate 

An analysis was developed to correlate the resistivity of KCl or KCl-K2SO4 

solutions to the corrosion rate of galvanized steel.  The resistivity’s were obtained after 

performing electrochemical measurements for each solution.  Since the chloride content 
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is related to the resistivity and the chloride content directly affects the corrosion rate of 

galvanized steel, then the resistivity should infer a direct relationship with the corrosion 

rate.  Three techniques were used to calculate the corrosion rate – one with the Tafel 

slopes within 130 mV range of the Ecorr (denoted as Tafel), the second method 

combined Tafel slopes determined within 130 mV of Ecorr and LPR (labeled as LPR CR) 

and the third method used the Tafel slopes within 110 mV range from Ecorr combined 

with LPR (labeled as LPR CR selected).  The corrosion rates are depicted in Figures 15 

-121 and the data are also appended. 

The resistivity of stagnant KCl solutions decreased with increasing KCl content 

though the 0.01 and 0.1 M KCl appears to reach a plateau, as shown in Figure 15.  

Similarly, the corrosion rates of the galvanized steel immersed in KCl solutions as a 

function of molarity are summarized according to Tafel CR, LPR CR and LPR CR 

selected, as shown in Figure 16.  By relating the molarity with resistivity and corrosion 

rate, a function was acquired to correlate the resistivity to the corrosion rate, as shown 

in Figure 17.   

The effect of the KCl content on the resistivity of stirred KCl solutions is shown in 

Figure 18.  The follow-up of the correlation of the resistivity to the corrosion rate of the 

stirred KCl-0.1 mM K2SO4 solutions is shown in Figure 19.  Similarly, the effect of KCl 

content on the resistivity of KCl-0.1 mM K2SO4 solutions injected with N2 is shown in 

Figure 20.  The corresponding correlation of the resistivity with the corrosion rate KCl-

0.1 mM K2SO4 solutions injected with N2 is shown in Figure 21.   

For the three atmospheric conditions of stagnant, stirred and injected nitrogen, 

the resistivity vary slightly though the corrosion rate is visibly distinguished.  The effect 

of the atmospheric condition suggests that macrocells may develop along the length of 

the galvanized strip, especially when corroding at differing rates.  The varying oxygen 

content on the Zn coating of the galvanized steel may change the characteristics of the 

corrosion products affecting further the corrosion rate. 
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Figure 15 - The effect of KCl content on the resistivity of a stagnant solution KCl- 0.1Mm 
K2SO4 solutions 

 

Figure 16 - The effect of KCl content on the corrosion rate determined with Tafel, and 
LPR techniques for stagnant KCl- 0.1 Mm K2SO4 solutions 
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Figure 17 - The correlation of the resistivity with the corrosion rate of stagnant KCl- 
0.1mM K2SO4 solutions 

 

Figure 18 - The effect of KCl content on the resistivity of a KCl - 0.1 mM K2SO4 stirred 
solutions 
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Figure 19. - The correlation of the resistivity with the corrosion rate determined with 
Tafel and LPR techniques for stirred KCl- 0.1mM K2SO4 solutions injected with N2 

 

Figure 20 - The effect of KCl content on the resistivity of a KCl molarity- 0.1 mM K2SO4 
injected N2 solutions 
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Figure 21 - The correlation of the resistivity with the corrosion rate determined with Tafel 
and LPR techniques for stirred KCl- 0.1mM K2SO4 solutions injected with N2 
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Summary 

Mechanically stabilized earth (MSE) reinforcements composed primarily of 

galvanized steel are embedded in soils varying in corrosion susceptibility depending 

primarily on the concentration of chloride and sulfate ions within the pores of the soil or 

even the water collected in the backfill. The objective of this study was to link the 

resistivity to of the KCl-K2SO4 solutions with the corrosion rate of the galvanized steel 

exposed to these solutions.  The corrosion rates were determined with electrochemical 

measurements consisting of linear polarization resistance (LPR) and Tafel slopes 

acquired from polarization scans.  Three techniques were used to calculate the 

corrosion rate – one with the Tafel slopes within 130 mV range of the Ecorr (denoted as 

Tafel), the second method combined Tafel slopes determined within 130 mV of Ecorr and 

LPR (labeled as LPR CR) and the third method used the Tafel slopes within 110 mV 

range from Ecorr combined with LPR (labeled as LPR CR selected).  The three 

techniques determined consistent corrosion rates of galvanized steel with resistivity 

though the potential range selected of the Tafel slope seems to affect the corrosion rate 

calculated.  

In addition, the atmospheric condition of the solution does affect slightly the 

corrosion rate of the galvanized steel for stagnant, stirred and N2 injected solutions.  If 

one considers the stagnant solution as a baseline, the drawing of air into the solution 

will have more dissolved oxygen affecting Zn oxidation, or the anodic reaction, and 

decreases the mass transfer of oxygen enabling the dissolved oxygen in the solution to 

increase slightly for the cathodic reaction.  Although the differential among the corrosion 

rates caused by the dissolved oxygen may establish macrocells along the length of the 

galvanized steel, their effect on the overall metal corrosion needs further study. 
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Appendix  
Table 1. Tafel corrosion rates dependent on gas flushing conditions 

Gas 
Flushing 

icorr  

Average 
(A/cm2) 

icorr  SD 
(A/cm2) 

Coefficient 
of Varience 

Tafel CR 
(μm/yr) 

Nitrogen 1.02E-06 1.93E-06 188% 15.34 

air 2.82E-06 5.23E-07 19% 42.16 

none 4.10E-06 1.60E-06 39% 61.35 

 

Table 2. Average Tafel corrosion rates for every condition and molarity 

Gas 
Flushing 

KCl 
molarity 

(mol) 

icorr  

Average 
(A/cm2) 

icorr  SD 
(A/cm2) 

Coefficient 
of 

Variance 

Tafel 
CR 

(μm/yr) 

Nitrogen 0.0001 1.02E-06 1.93E-06 1.88 15.34 

air 0.0001 2.82E-06 5.23E-07 0.19 42.16 

none 0.0001 4.10E-06 1.60E-06 0.39 61.35 

Nitrogen 0.001 2.87E-06 4.99E-07 0.17 42.99 

Air 0.001 8.32E-06 2.27E-06 0.27 124.52 

None 0.001 8.54E-06 1.36E-06 0.16 127.80 

Nitrogen 0.01 7.19E-06 5.04E-06 0.70 107.69 

Air 0.01 1.43E-05 9.36E-06 0.66 213.80 

None 0.01 8.25E-06 7.24E-07 0.09 123.55 

Nitrogen 0.1 1.04E-05 6.70E-06 0.65 155.28 

Air 0.1 3.51E-05 4.65E-06 0.13 525.37 

None 0.1 2.26E-05 8.14E-06 0.36 338.24 
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Table 3. LPR Data: maximum range of 110 millivolts 

Gas 

Flushing 

KCl 
molarity 

(mol) 

icorr  

Average 
(A/cm2) 

icorr  SD 
(A/cm2) 

Coefficient 
of 

Varience 

LPR 
CR 

(μm/yr) 

Nitrogen 0.0001 1.59E-06 4.27E-07 0.27 23.86 

air 0.0001 2.70E-06 4.99E-07 0.18 40.41 

none 0.0001 3.55E-06 1.74E-06 0.49 53.17 

Nitrogen 0.001 -2.35E-07 4.59E-06 -19.55 -3.52 

Air 0.001 7.60E-06 7.57E-06 1.00 113.82 

None 0.001 7.94E-06 1.44E-06 0.18 118.92 

Nitrogen 0.01 6.06E-06 2.75E-06 0.45 90.71 

Air 0.01 1.52E-05 7.21E-06 0.48 227.02 

None 0.01 1.15E-05 3.69E-07 0.03 172.15 

Nitrogen 0.1 8.69E-06 5.75E-06 0.66 130.04 

Air 0.1 3.45E-05 1.01E-05 0.29 516.90 

None 0.1 2.33E-05 4.91E-06 0.21 349.40 

 

Table 4. LPR Data: maximum range of 130 millivolts 

 

 

Gas 

Flushing 

KCl 
molarity 

(mol) 

icorr  

Average 
(A/cm2) 

icorr  SD 
(A/cm2) 

Coefficient 
of 

Variance 

LPR 
CR 

(μm/yr) 

Nitrogen 0.0001 1.11E-06 2.03E-06 1.83 16.64 

air 0.0001 3.23E-06 6.08E-07 0.19 48.34 

none 0.0001 4.32E-06 2.17E-06 0.50 64.70 

Nitrogen 0.001 3.50E-06 9.73E-07 0.28 52.45 

Air 0.001 3.23E-06 6.08E-07 0.19 48.34 

None 0.001 9.44E-06 1.70E-06 0.18 141.27 

Nitrogen 0.01 8.28E-06 4.74E-06 0.57 123.91 

Air 0.01 1.80E-05 9.28E-06 0.52 269.11 

None 0.01 1.34E-05 2.04E-07 0.02 200.58 

Nitrogen 0.1 1.09E-05 7.74E-06 0.71 163.31 

Air 0.1 4.26E-05 1.12E-05 0.26 637.91 

None 0.1 2.70E-05 6.19E-06 0.23 404.04 
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